Penicillin acylase formation by the hybrid strain Escherichia coli SK(pHM12) was studied under different culture conditions and reached 200 to 250 ,umol of 6-aminopenicillanic acid per min per g of bacteria (wet weight) for penicillin G. The Km of whole-cell acylase was determined with 9 to 11 mM for penicillin G at a pH optimum of 7.8 at 45°C. A competitive product inhibition for phenylacetic acid of Ki = 130 mM was found. 6-Aminopenicillanic acid acts as a noncompetitive inhibitor, with a Ki of 131. The temperature optimum of the reaction lies at 54°C. Penicillin G inhibits the reaction at Ki(s) = 1,565 to 1,570 mM. Wholecell acylase reacts on a wide spectrum of penicillins and cephalosporins, but those substrates with a 8-aminoadipyl rest are not hydrolized. ,-Lactamase activity of <1% relative to the acylase activity was found at reaction temperatures between 28 and 45°C. After a comparison of different methods for the estimation of ,-lactamase activity, we found that high-pressure liquid chromatography is to be preferred. During batch fermentation of E. coli SK(pHM12), problems of plasmid stability in the host strain arose which were overcome by the addition of 4 mg of tetracycline per liter to the medium as a selective marker.
The commercial importance of 6-aminopenicillanic acid (6-APA) for the production of semisynthetic penicillins has accelerated the development of penicillin acylase research and application, especially since the economy of the chemical route to penicillin G hydrolysis became critical because of rising energy costs. The distribution of penicillin acylase in bacteria and fungi has been studied, and the properties and application of the enzyme have been described in some recent reviews (8, 18, 19) . Penicillin G acylase (EC 3. 5. 11; penicillin amidohydrolase) in Escherichia coli strains is intracellulary produced, inducible by phenylacetic acid, and repressed by glucose (6, 14, 17) . Data about the purified enzyme from E. coli ATCC 9637 and ATCC 11105 are known in detail (1, 7) . Previously we reported the cloning of penicillin acylase from E. coli ATCC 11105 onto the modified multicopy plasmid pBR322, which later was transformed into E. coli 5K and other suitable host strains (10, 11) . Tetracycline resistance served as a selective marker. The hybrid strain E. coli SK(pHM12) was constructed in an analog procedure. In this presentation the properties of E. coli 5K(pHM12) are discussed with respect to penicillin G acylase formation, activity, substrate specificity, andlactamase activity.
MATERIALS AND METHODS
Chemicals. All chemicals were of analytical grade and were purchased from E. Merck AG (Darmstadt, West Germany). Various penicillins and cephalosporins were generous gifts from Biochemie Kundl, Hoechst AG, Smith and Kline Corp., Bayer AG, and Eli Lilly. Nitrocephin was a donation from Glaxo Research, Ltd., England.
Media and growth conditions. E. coli 5K(pHM12) was grown in 500-ml baffled shake flasks containing 150 ml of medium at 27°C for 18 h. Medium I was made up of 10 (12) . The identity of the product was checked by absorption spectroscopy with a Beckmann model 25 recording spectrometer. Samples for HPLC were prepared as described for the 6-APA assay. HPLC conditions: Column Lichrosorb RP-8; 7 ,um; throughflow, 2 ml/min; solvent, water-methanol (70:30)-2.5 g of KH2PO4 per liter; detection, 215 nm; R = 0.4; room temperature. The P-lactamase cleavage product from penicillin G is penicilloic acid, which decarboxylates spontaneously. The sensitivity of detection for penicilloic acid and the decarboxylated product is the same, so that both peaks add up to 100% of the initial amount of penicillin G.
Penicillin G acylase purification. E. coli 5K(pHM12) cells were disrupted with a Ribi press at 5°C and 20,000 lb/in2. After a selective heat denaturation for 1 h at 50°C and pH 5.0 with H2SO4, the raw enzyme was precipitated with ammonium sulfate (40 to 60%). The Table 2 ). The minimal active fructose concentration was 0.25% fructose in medium I. The optimal cultivation temperature was found to be 27°C with respect to specific activity and cell yield. Temperature shift did not enhance acylase production.
The activity of penicillin acylase of E. coli 5K(pHM12) is regulated by substrate and product inhibition. Therefore, we tried to influence cell wall permeability selectively by the addition of surfactants. Tween 20, 40, 60, and 80, Span 20 and 85, Triton X-100 and X-405, or polyethylene glycol were added in 1 g/liter amounts to resting cells for 1 h before the activity test; however, the specific activity of the cells was not enhanced. When E. coli 5K(pHM12) was cultivated in the presence of 1 g of surfactant per liter, no improvement could be observed (data not shown).
The heat stability of whole-cell acylase was determined with cells incubated at various temperatures for 30 min and 3 h in 0.9% saline. Penicillin G and V activity decreased rapidly at temperatures higher than 50°C after 30 min of treatment. After 3 h of incubation at 46°C, no loss of penicillin G acylase activity could be observed; however, a 25% loss was found for penicillin V activity under these conditions (Fig. 2) . Because of this result and with respect to long-term experiments, we preferred 45°C as the temperature for the standard assay.
Kinetic data for cell-bound acylase of E. coli 5K(pHM12) and cells dried in acetone were determined for both substrates, penicillin G and V, at optimal pH and suboptimal temperature (45°C) ( Table 3) . Acetone-dried cells were used to estimate the degree of transport limitation by the cell membrane. Tests were performed with equivalent amounts of cell mass (22 mg of acetone-dried cells is equal to 0.1 gbww). During acetone treatment of cells, the specific acylase activity decreased; an 18% loss for penicillin G and a 33% loss for penicillin V were observed. In Table 3 the data for whole cells are given within a concentration range caused by the different physiological status of cells used for different series of tests. E. coli 5K(pHM12) can be stored at 4°C for 2 weeks without cell lysis or decrease of specific activity. Specific activity remains constant for 12 weeks under 4°C conditions. Acylase of acetone-dried cells has a remarkably higher affinity and tolerance to penicillin G and V than whole-cell acylase, which might be due to higher permeability for substrates and products. A decrease in Km and an increase in Ki(s), however, occurred with the substrate tested. As previously reported (15), E. coli 5K(pHM12) acylase activity is regulated by its products in the wellknown pattern: 6-APA acts as a noncompetitive inhibitor, whereas phenylacetic acid and phenoxyacetic acid inhibit the acylase activity competitively. No inhibition of acylase activity was observed when cells were incubated with 5% penicillin G and up to 400 mM of the acylrests of natural penicillins such as penicillin F, dihydropenicillin F, and isopenicillin. Octanic acid (sodium salt), which is the acylrest of penicillin K, has some inhibitory potential when applied as a saturated aqueous solution. The substrate specificity of the E. coli 5K(pHM12) acylase was studied with a series of penicillins and cephalosporins as substrates (Table 4) . Generally, the enzyme is specific for both the penam and cephem nucleus because the acyl side chain is readily cleaved in the case of benzylpenicillin, cephalosporin G, and deacetocycephalosporin G to result in 6-APA, 7-APA, and 7-aminodeacetoxycephalosporanic acid. In accordance with our data, Cole (3-5) also found that the rate of hydrolysis is affected mainly by structural and steric differences in the side chain of the molecule. The cloned acylase has the highest affinity of the phenylacetyl group in the cephem nucleus. Smaller structural changes in the side chain of the substrate lower the rate of hydrolysis, as demonstrated with phenoxymethylpenicillin, cephalosporin V, deacetoxycephalosporin V, ampicillin, p-hydroxyphenoxymethylpenicillin, and cephalexin. Major changes in the acyl side chain prevent cleavage. This is of special interest in the case of cephalosporin C, penicillin N, deacetoxycephalosporin C, and N-acetylcephalosporin C, which all carry the enantiomeric D-form of a 8-aminoadipyl residue. Minor activities observed in some of these cases are due to other effects, such as 1-lactamase activity. Methicillin is also not hydrolyzed. The data also prove that there exists a diffusion a The ,B-lactamase determination (± 10% deviation) was by the modified macroiodometric method. The acylase determination (±3% deviation) was by titration. The pH was 7.8, and 5% penicillin G was the substrate.
barrier in whole viable cells for some substrates, e.g., cephradine. By comparing the substrate specificity of both the E. coli 5K(pHM12) acylase and the E. coli ATCC 11105 acylase it can be concluded that they are identical and very similar to that of E. coli NCIB 8743 and 8743A (3) (4) (5) , which are derived from E. coli ATCC 9637. This also demonstrates that mutations set to increase the yield of penicillin acylase have little or no effect on the substrate specificity of the gene.
With respect to the application of E. coli 5K(pHM12), we examined whether this strain has ,3-lactamase activity. The NaOH titration assay for acylase activity determination ly from each other ( Table 5 ). The industrial production of 6-APA by the acylase reaction is run between 27 and 33°C, a temperature range at which the 1-lactamase activity is still rather high, whereas the relative acylase activity is decreased to 38 to 45% of its maximal reaction velocity at 54°C.
As the activity determined by the modified macroiodometnc assay seemed to be too high, different methods were compared ( Table 6 ). The modified macroiodometric assay is supposed to be more unspecific than the common method (16) , and it became evident that it was inadequate for the determination of whole-cell 1-lactamase from E. coli 5K(pHM12). The values determined by HPLC and the macroiodometric assay are within the same range, so HPLC was employed for further measurements. To elucidate whether the 3-lactamase activity is coded by the plasmid (pHM12) or given by the host strain, E. coli 5K and another potential host strain, E. coli SK 2284, were examined for 1-lactamase activity. Two other hybrid strains carrying a derivative of pHM12 which had undergone further genetic engineering to prevent ,B-lactamase expression and to enlarge acylase activity were also examined ( Table 7) . As the 1-lactamase of plasmid-containing strains is about 10 times more active than that in plasmid-free strains, its genetic origin has to be expected on the plasmid. The idea of a minor 1-lactam-cleaving activity of the acylase enzyme was rejected: we determined that electrophoretically pure acylase isolated from E. coli 5K(pHM12) was not able to effect any 3-lactam hydrolysis (Table 8 ). With HPLC we also failed to find any ,B-lactamase activity. (Purified acylase in amounts equivalent to a specific activity of whole cells of 100 to 120 ,umol min-' gbww-1 were used for the assay.) The activity is obviously carried by pHM12, which is derived from pBR322, a plasmid with an intact 1-lactamase genome (11) . The destruction of the 1-lactamase region by replacement of the EcoRI-PstI fragment with EcoRI-PstI from another plasmid (pHM5) did not abolish the total 13-lactamase activity of the remaining gene product.
Cultivation of larger amounts of E. coli 5K(pHM12) was performed batchwise in a 10-liter bioreactor. A typical batch fermentation is shown in Fig. 3 . The inoculum was an overnight flask culture with medium II to which 4 mg of tetracycline per liter was added for plasmid stabilization and selection. This was necessary because the loss of the plasmid (pHM12) could be observed when the cells were kept growing in flask culture for more than 3 days by daily transfer of 5 ml of inoculum into fresh medium. During days 3 to 6 of cultivation the specific activity of the culture fell continuously to 14% of the initial activity. Only 7% of these cells were resistant to tetracycline and showed a positive qualitative acylase reaction. The loss of the plasmid (pHM12) could be prevented in the presence of 4 mg of tetracycline per liter or 1 mg of the chemically more stable doxycycline per liter.
Main enzyme production is coupled with the limited growth state. The curve for P02 indicates the subsequent use of different carbon sources from the medium. Specific activities usually reach their maximum between 24 to 30 h of cultivation and vary between 200 and 250 p.mol min-1 gbww-1, which is 1.4 to 1.7 times higher than can be achieved by flask cultures.
